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We prepared a new polyphthalaldehyde (PPA) macromonomer by introducing a 
polymerizable methacryloyl group at the terminal of PPA main-chain.  Resulting 
macromonomer was copolymerized with butyl acrylate to obtain pressure-sensitive adhesives 
(PSAs).  We also compared the behavior of the copolymers with those of polymer blends 
of poly(butyl acrylate) and linear PPA polymers to clarify the role of polymerization.  
Higher peel strengths were observed for copolymers than those of corresponding polymer 
blends.  As an increase in irradiation time, the strength generally decreased, although once 
increased for the copolymer films at the early stage.  These results suggest that the 
introduction and the depolymerization of PPA side-chains caused drastic changes in adhesive 
properties. 
Keywords: Polyphthalaldehyde, Photo-degradation, Macromonomer, Peel strength, 
Pressure-sensitive adhesive 

 
 

1. Introduction 
Polyphthalaldehydes (PPAs) are known as self-

immolative polymers that can be end-to-end 
depolymerized (unzipping) [1,2].  Recently, PPAs 
attract much attention again as a candidate for 
stimuli-responsible polymers for many applications 
[3-5].   

We have synthesized PPAs with oxime ether 
terminals, and their photoreactions were 
investigated [6].  On UV-irradiation both in 
solution and film state, the depolymerization of the 
PPAs was confirmed by NMR, UV, and IR spectral 
measurements.  Furthermore, the results of the 
nanoindentation measurement indicated that the 
films became elastic on irradiation.  Among them, 
a PPA with 1-acetonaphthone oxime and acetyl 
terminal (1NaPPA) showed a good depolymerizable 

behavior.   
In this study, we have prepared a new PPA 

macromonomer 1NaPPAMA by introducing a 
polymerizable methacryloyl group at the terminal of 
PPA main-chain.  Also, resulting macromonomer 
was copolymerized with butyl acrylate (BA) to 
obtain pressure-sensitive adhesives (PSAs) as 
shown in Scheme 1.   

The performance of PSAs such as tack, peel 
resistance, and share resistance generally depends 
on the viscoelastic properties caused by the balance 
of storage and loss moduli [7-11].  These 
properties are provided by soft and hard molecular 
structures in the PSAs.  The latter enables cohesive 
interaction between polymer chains in the PSA 
matrixes [12] and have been often introduced in the 
form of fillers [13-15], side-chains [16-18], and 
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physically or chemically crosslinking points [19-22].   
Because our copolymers 1NaPPAMA-BA 

involve less flexible and photo-degradable PPA 
chains, remarkable changes of mechanical property 
in PSAs are expected.  These characteristics are 
advantageous from the viewpoint of stimuli-
sensitive PSAs [23-28].  Although we have 
already proposed PSAs composed of oxime-ester 
based photolabile crosslinkers [29], quite different 
mechanism and behavior are anticipated.  We also 
compared the behavior of the copolymers with those 
of polymer blends of PBA and linear PPA polymers 
such as 1NaPPA to clarify the role of polymerization. 
 
2. Experimental 
2.1. General 

IR and UV spectra were recorded on Jasco FT-
IR4200, and Shimadzu UV1600PC spectrometers, 
respectively.  NMR spectra were measured by 
JEOL JNM-ECX400 and Bruker BioSpin Ascend 
400 spectrometers.   

Number (Mn) and weight (Mw) average 
molecular weights of polymers were obtained by 
size exclusion chromatography (SEC) with a Tosoh 
8020 liquid chromatography system (Tokyo, Japan) 
composed of two TSKgel GMHXL columns, and a 
ViscoTech TDA-302 (RI, DP, RALS, LALS) 
detector with THF eluent and polystyrene standards 
at 40 °C.   

Commercially available reagents were used as 
received unless otherwise noted.  BA, o-
dichlorobenzene (DCB), tetrahydrofuran (THF), 
and N,N-dimethylformamide (DMF) were subjected 
to activated alumina columns before use.  1-
Acetonaphthone oxime and 1NaPPA were obtained 
as described previously [6]. 
 

2.2. Preparation of 1NaPPAMA 
In a flask, 4.8 g (35.8 mmol) of o-

phthalaldehyde (o-PA) (SP grade for fluorometry, 
Nacalai, Kyoto, Japan) and 10 mL of CH2Cl2 
(dehydrated grade, Nacalai) was added under argon, 
and the flask was cooled to ‒80 °C in an aluminum 
block cryostat PSL-2500 A (EYELA, Tokyo, Japan).  
In other vial, 82.4 mg (0.54 mmol) of 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU) and 102 mg 
(0.56 mmol) of 1-acetonaphthone oxime were 
dissolved in 3 mL of CH2Cl2.  Then, 2.5 mL of the 
solution was taken out with a syringe and added to 
the flask dropwise over 20 s, and the mixture was 
kept stirring at ‒80 °C for 20 min.   

The polymerization was terminated by 
dropping 1 mL of CH2Cl2 solution containing 72 µL 
(0.51 mmol) of 2-methacryloyloxyethyl isocyanate 
(MOI, Showa Denko) over 20 s.  After stirring at  
‒80 °C for 10 min, the flask was taken out from the 
cryostat bath and stirred for 20 min at room 
temperature.  Then, 5 mL of methanol was added 
to the flask and removed the solvent under reduced 
pressure to obtain 6.13 g of a white solid.  The 
solid was reprecipitated 5 times from methanol after 
dissolving in CHCl3 to afford 3.69 g (Conv. 77 %) 
of 1NaPPAMA as colorless powder.   
 
2.3. Preparation of copolymers of 1NaPPAMA and 
BA 

1NaPPAMA, BA, and 2,2’-
azobisisobutyronitrile were dissolved in a solvent 
and bubbled with N2 gas.  The mixture was heated 
at 60 ºC until the bubbles raised slowly.  Obtained 
copolymers were reprecipitated 5 times from 
methanol after dissolving in CHCl3. 
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Scheme 1.  Syntheses of 1NaPPAMA and its copolymers with BA. 
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Scheme 1.  Syntheses of 1NaPPAMA and its copolymers with BA. 2.4. Peel strength measurement 

Polymers were dissolved in toluene (15 wt%), 
coated on 50 μm PET films with an applicator (200 
µm gap), and dried overnight in reduced pressure at 
room temperature.  The thickness of the coated 
films was estimated to be 30 μm.  The films were 
cut into 10 mm × 80 mm pieces, overlapped with 
another 2 mm PET plate, and pressed by a roller 
with 2 kgf.  After leaving for 20 min, the films 
were irradiated with a Hamamatsu Photonics LC5 
Hg-Xe lamp (Shizuoka, Japan) through of the PET 
plate.  The light intensity was measured by an Orc 
UV-M03 illuminometer (Tokyo, Japan) and found 
to be 150 mW/cm2 at 365 nm.  180° Peel strength 
was evaluated using an Instron 5582 Materials 
Testing System with 100 N loadcell at 300 mm/min.  
For all samples, 3 runs were carried out. 
 
3. Results and discussion 
3.1. Synthesis and characteristics of macromonomer 
1NaPPAMA  

1NaPPAMA was prepared by anionic 
polymerization of o-PA using 1-acetonaphthone 
oxime as initiator and DBU as a catalyst as 
described in our previous study [6], except the 
terminating reagent.  In the present study, the 
polymerization was terminated with MOI which has 
both isocyanato and methacryloyl groups.  
Purified polymer was obtained by repeated 
reprecipitation. 

In 1H NMR spectrum of resulting polymer, 
small peak at 2.4 ppm assignable to CH3 unit in 
oxime moiety is observed along with broad bands 
(6.4-7.6 ppm) due to aromatic and CH groups in 
main-chains.  Also, small peaks at 1.9, 4.3, 5.6, 
and 6.1 ppm due to CH3, CH2, and CH2=C groups 
in MOI moiety appeared.  In addition, the UV 
spectrum of obtained polymer solution has a 
shoulder around 290 nm due to naphthyl unit.  
These results clearly show the presence of both 

naphthyl and methacryloyl terminals.  
From SEC, Mn and Mw values were 12.8 and 

23.5 kDa, respectively.  From Mn value, the 
repeating units of o-PA in 1NaPPAMA are estimated 
to be 93.   

 
3.2. Preparation of 1NaPPAMA and BA copolymers 

In order to obtain polymers for PSAs, 
1NaPPAMA was copolymerized with BA in free-
radical mode.  In preliminary experiments, we 
used THF, DMF, and DCB as a solvent.  Because 
DCB afforded the highest yield, we used DCB as a 
polymerization solvent in further experiments.   

The polymerization condition and 
characteristics of the copolymer with different ratio 
of 1NaPPAMA and BA are summarized in Table 1.  
After purification, 1H NMR spectra showed that 
both 1NaPPAMA and BA units were successfully 
incorporated in the copolymers.  Based on that 
1NaPPAMA contains 93 units of o-PA, the ratios of 
o-PA to BA in copolymers are calculated as shown 
in Table 1.  It is estimated that one polymer chain 
of 1NaPPAMA0.61-BA, 1NaPPAMA0.21-BA, and 
1NaPPAMA0.05-BA have 15, 6.4, and 1.0 PPA side-
chains, respectively.   
 
3.3. Comparison of copolymers and polymer blends 
in peel strength 

Films of 1NaPPAMA-BA copolymers were 
prepared for peel strength measurement.  
Although films of 1NaPPAMA0.05-BA were clear, 
1NaPPAMA0.21-BA and 1NaPPAMA0.61-BA gave 
cloudy and opaque films, respectively.   

Peel strengths of 1NaPPAMA-BA copolymers 
are plotted as a function of irradiation time in Fig. 1.  
Before irradiation, both 1NaPPAMA0.21-BA and 
1NaPPAMA0.05-BA films showed much higher peel 
strength compared to PBA, probably due to PPA 
side-chains which aggregate to form hard segments.  
In case of 1NaPPAMA0.61-BA, the initial peel 

Table 1.  Polymerization conditions and characterization of 1NaPPAMA and BA copolymers. 

Polymer 
In feed (mol %)  In polymer (mol %)a  

R. T. 
(h)b 

Conv.  
(%)c 

Mn
d 

(kDa) 
Mw

d 
(kDa) 1NaPPAMA BA 1NaPPAMA BA  o-PA : BA 

1NaPPAMA0.61-BA 0.15 99.85  0.61 99.39 

 

0.57 : 1  5.5 36 312 559 

1NaPPAMA0.21-BA 0.050 99.95 0.21 99.79 0.20 : 1 3.7 66 391 1,480 

1NaPPAMA0.05-BA 0.016 99.98 0.05 99.95 0.05 : 1 6.0 34 266 781 

PBAe 0 100 0 100 0 : 1 0.8 50 227 787 

a) Estimated by 1H NMR area ratio.  b) Reaction time at 60 °C in DCB.  c) After reprecipitation.  d) From SEC.   
e) BA homopolymer.   
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strength was 0.6 N as low as PBA, suggesting that 
too much PPA fraction caused the copolymer harder 
as a PSA.   

On irradiation of 1NaPPAMA0.21-BA, peel 
strengths increased from 3.5 to 4.5 N, and the 
strength decreased on irradiation for 60 min.  
Similar trend is observed for 1NaPPAMA0.05-BA, 
where the peel strength once increased on 10 min 
irradiation and then decreased.  Considering that 
the photo-induced depolymerization of 1NaPPA 
films proceeded on irradiation for 15 min or above 
[6], it is expected that photo-degradation of PPA 
chains in copolymers also proceeds with similar 
irradiation time.  Thus, the increase in peel 
strength for both copolymers will correspond to the 
depolymerization of PPA side-chains, although the 
reason is unknown at present.   

Longer time irradiation caused the decrease in 
peel strength for both copolymers, which would be 
due to the disappearance of hard PPA segments as 
shown in Fig. 2.  The degradation of BA main-
chains might contribute the decrease, because the 
slight decrease is often observed for PBA in the 
previous [29] and present study.   

Films of 1NaPPAMA0.61-BA did not show the 
increase in the peel strength.  This result suggests 
that too much PPA side-chains in 1NaPPAMA0.61-
BA made the matrix glassy to detect the changes of 
peel strength.   

In order to clarify the effect of covalent 
bonding of PPA chains and BA chains, we 
investigated the peel strengths of PSAs composed 
of PBA/1NaPPA and PBA/1NaPPAMA polymer 
blends with the same ratio of BA to o-PA units as 

  
Fig. 3.  Peel strength changes of polymer blend films 
on irradiation.  BA unit : o-PA unit = 1 : 0.2 (mol/mol).  
Symbols in error bars indicate the averaged values of 3 
runs. 
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Fig. 1.  Peel strength changes of 1NaPPAMA-BA 
copolymer films on irradiation.  Symbols in error bars 
indicate the averaged values of 3 runs. 
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Fig. 2.  Schematic illustration of photo-degradation of 1NaPPAMA-BA copolymers. 
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Fig. 2.  Schematic illustration of photo-degradation of 1NaPPAMA-BA copolymers. 
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that in 1NaPPAMA0.21-BA.  Figure 3 shows the 
changes of peel strength of the polymer blends.  
The initial peel strengths of PBA/o-PA, 
PBA/1NaPPA, and PBA/1NaPPAMA were 0.8, 2.1, 
and 2.6 N, respectively, located between those of 
1NaPPAMA0.21-BA and PBA.  It was considered 
that these results were caused by the increase of 
hard segment in PSA matrixes. 

On irradiation, the peel strengths for both PSAs 
gradually decreased with an increase in irradiation 
time and got closer to the value of PBA/o-PA, 0.8 N.  
This trend was different from those of 
1NaPPAMA0.21-BA and 1NaPPAMA0.05-BA films 
as illustrated in Fig. 4.    

Failure modes of the PSAs are consistent with 
this assumption.  For copolymers 1NaPPAMA0.21-
BA, interfacial mode was preferential, although 
1NaPPAMA0.05-BA and blended polymers detached 
with cohesive mode.  These behaviors did not 
change before and after irradiation for all coated 
films.   

In conclusion, we have prepared a 
macromonomer 1NaPPAMA and its copolymers 
with BA, and investigated the peel strength changes 
on irradiation to evaluate their pressure-sensitive 
adhesive properties.  Higher peel strengths were 
observed for copolymers than those of 
corresponding polymer blends.  As an increase in 
irradiation time, the strength generally decreased, 
although once increased for 1NaPPAMA0.21-BA and 
1NaPPAMA0.05-BA copolymer films at the early 
stage.  These results suggest that the introduction 
and the depolymerization of PPA side-chains 
caused drastic changes in adhesive properties.   
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